Respiratory syncytial virus in purified suspensions was inactivated exponentially at temperatures from 5o ° to o ° and at -78°. The rate constants (K) decreased from I r log. p.f.u./hr at 5 °0 to o.2 log. p.f.u./hr at 25 °. The constants then increased again to o'7 log. p.f.u./hr at o °. An Arrhenius plot showed a linear relationship between In K and I/T in the range from 5 °° to 37 °, with thermodynamic constants corresponding with those of protein denaturation. As has been reported for other viruses (reviewed by Woese, ~96o), a linear relationship was not observed below 37 ° .
INTRODUCTION
In previous work on respiratory syncytial virus, the thermolabile character of this virus was recognized (Beem et al. I96O ) . The rates of inactivation of the virus in culture fluid at +55 ° to -65 ° were studied by Hambling (I964).
The present study deals with experiments on the inactivation of respiratory syncytial virus in distilled water at various temperatures. Furthermore the influence of various salts, glucose and lecithin on the inactivation rates at temperatures between o ° and 5o ° was studied.
METHODS

Virus and cell culture
A lyophilized stock of the LONG strain of respiratory syncytial virus was prepared with 50 ~ skimmed milk as a stabilizer. All ampoules contained virus of the same passage, grown under the same conditions. All experiments were made with stock virus at second passage in HeLa cells. The HeLa cells were maintained and infected in Eagle's medium supplemented with o'I4 ~o NaHCO3, 3 ~ calf serum and antibiotics. After clarification by centrifugation at low speed the virus was sedimented from * Present address: National Institute of Public Health, Sterrenbos I, Utrecht, The Netherlands. freshly harvested culture fluid (Spinco model L, rotor type 5o, 6o min./5o,ooo rev./ min.) and the pellets were resuspended in distilled water.
Thermal inactivation in purified suspensions
The virus-containing pellet from 20 ml. of fresh culture fluid was resuspended in I.O ml. of distilled water and mixed with 5"5 ml. of distilled water at the test temperature. This procedure resulted in virus suspensions containing Io ~'6 to Io 6.5 p.f.u./ml. at pH 7"0 + 0.2. The residual Na + concentration of this suspension was 0-2 mM, indicating that the soluble material from the original suspension was diluted 6oo-fold.
Immediately after preparation, the suspensions were placed in a waterbath of constant temperature. Samples for titration of infectivity of residual virus were taken after appropriate intervals. For studies at -78° the suspensions were sealed in glass ampoules in portions of I ml. and immersed in a mixture of alcohol and dry ice at -78 °. For titration the ampoules were thawed quickly by immersion in water at 42°.
Thermal inactivation in solutions
The virus-containing pellet from Io ml. of fresh culture fluid was resuspended in 0.2 ml. of distilled water and mixed with 2.I ml. of the test solution at the test temperature. This procedure resulted in virus suspensions containing ro 3"° to Io 6'9 p.f.u./ ml. with a residual Na ÷ concentration of about 0"3 raM. The test solutions were prepared from pure analytical reagents. The pH was adjusted to 7"o + o.2.
The hydrosol of lecithin was kindly provided by Dr J. A. F. Op den Kamp. Three ml. of a 6.08 mu solution of lecithin in chloroform were evaporated to dryness. A hydrosol was prepared from the residue by sonic treatment in 5 ml. of distilled water.
Immediately after preparation, the virus suspensions were placed in a constant temperature waterbath. After some minutes for temperature equilibration, a sample of i ml. was taken for titration. After I5 min. (experiments at 5o°), 24o min. (experiments at 4 ° and o °) or 3oo min. (experiments at 3o, 2o and Io °) another sample was taken.
Titration of virus infectivity
Directly after sampling, the suspensions were diluted I/3 in ice-cold phosphatebuffered saline. Immediately, three serial tenfold dilutions in phosphate-buffered saline were prepared and assayed for infectivity by plaque counting on monolayers of HeLa cells (Rechsteiner & Winkler, I969) . Virus infectivities are expressed as log. p.f.u./ml.
RESULTS
Thermal inactivation in purified suspensions
Experiments were performed at 50, 45, 4 o, 37, 3o, 25, 2o, I5, IO, 7, 4, 2, . At most temperatures the inactivation was followed over a IOOO-fold decrease in infectivity. All the inactivations followed an exponential (log.-linear) relationship within the experimental limits set by the assay of infectivity. Inactivation rate constants (k) were, therefore, calculated by the method of least squares.
The mean k values decreased from IO'85 log. p.f.u./hr at 5 °0 to o.20 log. p.f.u./hr at 25 ° (Table 0 . At this temperature respiratory syncytial virus was relatively stable; at lower temperatures the inactivation rates increased again, especially from 4 ° to the freezing point. This remarkable relationship is shown in Fig. 3 as an Arrhenius plot. This graph shows a linear relationship between the natural logarithm of the inactivation rate constant k and the reciprocal of the absolute temperature T from 5 o0 to 37 °, suggesting a single mechanism in this temperature range. The energy and entropy of the inactivation process were calculated by the Eyring formula from the best-fit linear data. The values thus obtained were AH = +45.I kcal./mole and AS = +70"5 cal./ mole/deg.
At to 7 ° the inactivation rate possibly increased slightly with decreasing temperature, as suggested in Fig. I and 2 . At 4, 2 and o ° the inactivation rates were definitely higher (Table i , Fig. I and 2 ). Apparently, some additional factor influenced the inactivation process in this temperature range. After storage in ampoules in dry ice (-78°) for o, 6, I2, 24 and 3I weeks the virus infectivities in different ampoules were 5"4, 5"3, 6.I, 6.2 and 5"8 log. p.f.u./ml, respectively, suggesting that under these conditions respiratory syncytial virus was stable in purified suspension. As the infectivities of the virus suspension before freezing (5"3 log. p.f.u./ml.) and after one cycle of quick freezing and thawing (5"4 log. p.f.u./ml.) did not differ significantly, storage in ampoules in dry ice seemed a suitable method for preservation of stocks of respiratory syncytial virus. 
Thermal inactivation in solutions
Initial experiments were performed at 5 °0 in the presence of o.or to r.o molar solutions of salts with different monovalent and divalent ions. The inactivation rate constants (Table 2) In o. I M-MgSO4, NazSO4 and NaC1 the inactivation rates were comparable to those in purified suspensions (compare Table i ). In more concentrated solutions inactivation rates were much slower; molar solutions generally offered virtually complete protection. This effect did not seem to be specifically related to the presence of cations or anions, or, in view of the experiments with glucose, to ions at all.
Since the inactivation rates in mixtures of o'25 M-MgSO4 and Na2SO4 at a ratio of 3: 7 and I : 9 were comparable with those in the single salts (k = -9"o and -I 1.7 Alog. p.f.u./hr respectively), the ratio of uni-and divalent cations was apparently not essential. The only compound tested which gave no protection as a molar solution was MgClz; k = -Io'3 Alog. p.f.u./hr. The reason for this aberrant finding was unknown.
To see whether the protection would also occur in the low temperature range, the influence of M-MgSO4, NaCI and glucose was determined. Since lecithin might have stabilized the lipid in the virus envelope, inactivation in a hydrosol of lecithin was also tested at o ° and zo °. Inactivation rate constants were calculated from two infectivities. At 3o, 20 and Io ° MgSO4, NaC1 and glucose gave complete protection, reducing the inactivation rate to o.oo + o-o2 Alog. p.f.u./hr. At 4 ° both salts and glucose reduced the inactivation rate to low values. At o ° solutions of MgSO4 or NaC1 protected only 
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For reference the relevant data from Table I are repeated. partially whereas glucose seemed to protect completely. This may indicate a mechanism of inactivation near the freezing point different from that at higher temperatures. The finding of unexpectedly high inactivation rates at 4 ° to o ° in purified suspensions supported this hypothesis. In suspensions of lecithin at 2o ° and o ° the inactivation rates (-o'47 and -o.93 Alog. p.f.u./ml, respectively) were definitely greater than in purified suspensions. The lipid envelope of the virus was, therefore, not stabilized by the lecithin micelles, or any stabilization of the envelope did not prevent thermal inactivation.
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DISCUSSION
In earlier work at 37 ° only I log. decrease of infectivity per 24 hr was found (Beem et aL 196o; Bennett & Hamre, 1962; Hambling, 1964) . At 25 ° and 4 ° inactivation rates of I log./48 hr and 2 log./7 days respectively were reported by Hambling (1964) . In the present work much higher inactivation rates were found. This may be explained by the protective influence of constituents of the non-purified suspensions used in earlier studies. In dry ice, however, respiratory syncytial virus is stable not only in culture fluid (Rowe & Michaels, I96O) , but also in the purified suspensions used in this work. Woese (196o) presented Arrhenius plots of data on the thermal inactivation of various viruses. From high to low temperature two intersecting linear relations were found, successively associated with high and low thermodynamic values. In two picornaviruses in the high temperature range functions related to the protein component of the virus were lost. In the low temperature range inactivation of the virus appeared to be effected primarily by denaturation of the nucleic acid (Dimmock, 1967) .
In the present work the energies calculated from the high temperature range are consistent with the denaturation of protein in which AH may vary from 33 to 200 kcal./ mole and AS from 19 to 537 cal./mole/degree (Woese, 196o) . From 3o ° to 7 ° no linear relationship was found and the thermodynamic values could not be calculated.
Increasing inactivation rates from 22 ° to o ° were described earlier for cytomegalovirus (Plummer & Lewis, I965). The phenomenon may be explained by the permeability of the lipid envelope, which is known to increase at lower temperatures. Increased penetration of water or salt might disturb the structure of the nucleic acid. In suspensions of respiratory syncytial virus stored at 4 ° and examined in the electron microscope, almost no intact structures could be seen. The internal components were partially unwound or extended, suggesting that bonds between successive turns are broken at this temperature (Bloth & Norrby, 1967) . In respiratory syncytial virus the effect of water penetration may be most pronounced at 4 ° to o °. At ao ° and o °, however, the lipid envelope was not stabilized by lecithin.
Enteroviruses are protected against thermal inactivation at 50 ° in M-MgCIz (Wallis & Melnick, I96Z) . Measles virus is not protected by MgCI~; the inactivation of this virus at 560 to 4 ° is completely prevented by M-MgSO4 or M-Na2SO4 (Rapp, Butel & Wallis, I965) . A number of other paramyxoviruses behave in the same way (Wallis, Melnick & Rapp, 1965) , which suggests that for this group of viruses the protection is specifically related to the SO~-ion. In respiratory syncytial virus at 5o ° the same influence of concentration was demonstrated. The protection was, however, not dependent on the presence of any particular ion, suggesting an osmotic effect.
At 4 ° and o ° the protection in molar solutions was incomplete and dependent upon the compound. This finding may be related to the high inactivation rates at these temperatures.
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